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LED technology is fundamentally altering the use and application of supplemental lighting for controlled environment agriculture. This paper provides a brief overview of the rapid development of LED lighting and some thoughts on the future application in horticulture.
Carl Wilhelm Siemens tested electric carbon-arc lamps on plant growth in the mid-to-late 1880s and coined the term ''electro horticulture'' to define this application of electric lamps. He postulated that ''the horticulturist will have the means of making himself practically independent of solar light for producing a high quality of fruit at all seasons of the year'' (Siemens, 1881) . Liberty Hyde Bailey, reporting experiments performed at Cornell University with electric carbon-arc lamps wrote ''There is every reason, therefore, to suppose that the electric light can be profitably used in the growing of plants'' and concludes with ''On the whole, I am inclined towards Seimens view that there is a future for electro-horticulture'' (Bailey, 1891) . Both these predictions have been realized, with supplemental lighting being routinely used in commercial greenhouse production to promote growth and extend daylength. The advancements in horticulture lighting have closely followed refinements of this 19th century technology for modern residential and commercial lighting applications (Wheeler, 2008) .
NASA's funding of research on use of LEDs as a light source for space-based plant growth systems in the late 1980s signaled the beginning of the transformation of horticultural lighting from high-intensity discharge lamps to LEDs (Barta et al., 1992; Wheeler, 2008) . Scientists at the University of Wisconsin tested low-output red (660 nm) LEDs as lighting sources and demonstrated the feasibility of this fundamentally new approach to providing lighting for plants (Barta et al., 1990; Bula et al., 1991; Hoeghn and Luttges, 1990; Hoenecke et al., 1989) . This led to the patenting of LED technology for plant growth in the United States (Ignatius et al., 1991) and LEDs were soon incorporated into instrumentation to study photobiology, photosynthesis, and plant physiology (Tennessen et al., 1994) . NASA has continued to fund this research over the ensuing decades and the effects of LEDs on growth and productivity of a number of plant species has been reported (Goins et al., 1997; Kim et al., 2005; Massa et al., 2008; Mitchell, 2012; Morrow, 2008; Stutte et al., 2009) .
The technical advances in LED technology have increased output, electrical efficiency, and availability of wavelengths suitable for horticultural use (Stutte, 2009) , enabling increases in research and commercial development, with several companies developing multiwavelength LED fixtures for the horticulture industry. The technical advancement in LED lighting is driven by consumer and regulatory demand to replace inefficient light sources in residential, commercial, and industrial applications (Morrow, 2008) . Advancements have been so rapid and predictable that the Haitz model (Haitz and Tsao, 2011) , which states that the amount of light generated per LED is increasing 20-fold, and cost decreasing 10-fold, has been advanced to describe it.
So how does this relate to horticultural research? First, there has been an explosion of research reports on application of LEDs in ornamental, vegetable, and nursery crops that has followed the increased output, decreased costs, and widespread availability of LEDlighting systems. Figure 1 illustrates the exponential increase in research for the 25-year period from 1990 to 2015. A general online search using criteria {''Light emitting diodes'' and ''Horticulture''} on a widely used digital search engine limited to academic sources (scholar.google.com, accessed 14 July 2014) returned 102 items (journals articles, patents, and journal citations) in the 5 years following the first reports of successful growth of plants under red LEDs. A decade later (2001-05), the same search criteria returned 1130 results, a 10-fold increase, and it's on track to approach 10,000 articles, or over 2000/year, for the period from 2011 to 2015! The use of this search engine-based approach to assess research productivity is limited in that it may include duplication, is biased toward English language journals, and only searches articles indexed in Google Scholar (gudes.lib.umich.edu, accessed 12 Dec. 2014). While acknowledging the shortcomings of this approach with regards to providing a precise number of original research articles being published, Fig. 1 clearly illustrates that an exponential increase in information on LEDs to support horticulture is occurring.
While to my knowledge, no systematic studies have been performed to assess the role of Internet in the adoption of LED technology by the industry, is clear that widespread access to the Internet, and effective tools to search and retrieve decentralized, remotely stored digital information (e.g., Mosaic, WebCrawler, Yahoo!, Google, and Bing) has been concurrent with the development of LED technology. These digital information tools provide commercial growers, along with the general public, easy access to cutting edge research that is unparalleled in history. Widespread access to technical information, coupled with digital tools for distributing new or repackaged data via e-mail, user groups, video, and social media has arguably accelerated the pace of adoption of LED technology by horticulturists.
The capacity for digital distribution of research results, and availability of the Internet to access this data, has resulted in the proliferation of research reports, field observations, and user experiences with LEDs being distributed to scientists, hobbyists, commercial growers, lighting manufacturers, and distributors. The amount of information available is staggering. A search (www.google. com, accessed 14 Dec. 2014) of ''LED Lighting'' resulting in an estimated 32,500,000 web pages! The following data provide a snapshot of this digital landscape, and are indicators of the power of digital media to disseminate information relevant to the commercial use of LEDs in horticulture.
The proliferation of information on LEDlighting for commercial horticulture was illustrated by conducting a targeted Internet search of specific plant species. This was done by delimiting the search (www.google. com, accessed 14 July 2014) to ''Light Emitting Diodes'' and ''{crop scientific name}'' for five of species, Solanum lycopersicum L. (tomato), Lactuca sativa L. (lettuce), Petunia ·hybrida (Petunia), Triticum aestivum L. (wheat), and Cannabis sativa L. (marijuana) representing vegetable, ornamental, agronomic, and medicinal crops. This resulted in an estimated 124,000 web pages devoted to LEDs and tomato, 156,000 pages for lettuce, 180,000 for wheat, 690,000 pages for petunia, and in excess of 2 million for marijuana!
The sheer volume of freely available information indicates that research on LEDs and plant growth, both professional and amateur, is being widely distributed and presumably informing decision makers on the selection and use of LEDs in horticultural production. This democratization of research and ease of access to information is exciting in that it provides the opportunity to accelerate the development and commercial adoption of LED lighting and to identify new and unique means of applying this technology. This explosion in information also presents a unique challenge to end users to accept the risk that misinformation is being perpetuated and acknowledge their responsibility to critically review information retrieved from online sources.
It is not possible to establish exactly how much of the digital information is derived from, or distributed by, nontraditional research groups, but it is clear that a significant portion of it has not been subject to the scientific rigor typically associated with academic and government research centers. For example, a search for instructional videos (www.youtube.com, accessed 14 Jan. 2014) using search criteria ''LED'' and ''Cannabis'' identified 51,100 videos available for viewing. A screening of the top 50 videos provided a cross section of grower results comparing the horticultural response of dozens of C. sativa strains under different light sources, LED spectra, and controlledenvironment conditions: none of which underwent external review. Despite the lack of independent evaluation, one online review of LED technology, which provided recommendations based on unreplicated, anecdotal information, had been viewed over 500,000 times in less than a year (1400 time/day!).
Despite these shortcomings in digital distribution of objective information on LEDs, the early experiences with commercial adoption of solid-state lighting in horticulture have been encouraging, with the initial finding being a reduction of operating cost due to the higher electrical efficiency of fixtures (Morrow, 2008) . The reduced operating cost has been a primary driver for adoption in residential, commercial, and horticultural applications. The increased efficiency of LEDs for residential lighting are resulting in government policy decisions being made in North America and Europe to accelerate the transition to LEDs from incandescent and fluorescent lamps to reduce energy demand. A global effort to offset rising CO 2 concentrations by increasing efficiency of lighting spectra, and reducing overall energy requirements is resulting in tax incentives for adoption and regulatory penalties for noncompliance to phaseout traditional supplemental light sources (Yamada and Chwastyk, 2013) . The inclusion of LED technology in government policy is resulting in regulatory and labeling guidelines that manufacturers must meet. A search of the EUR0-Lex database (eur-lex.europa.eu, accessed 14 May 2014), which provides access to European Union (EU) Law (EU treaties, directives, regulations, decisions, consolidated legislation, etc.) for member states of the EU identified 130 regulatory compliance guidance documents issued by the European Commission related to LEDs in general. Of those, 86 have sections related to horticultural lighting and 30 include specific guidance for greenhouse operations.
The regulatory requirement for conversion to high-efficiency LEDs as a replacement light source in residential and business settings is driving the development of less expensive, energy efficient LED fixtures by manufacturers. This advancement is being encouraged by governments in two ways. The first is the banning of inefficient technologies (e.g., incandescent lamps) and the second is passing stringent legislation for energy efficiency and providing tax incentives to adopt LED lighting. It has been estimated that LEDs occupied 7% of the global replacement lighting market in 2008 and 20% in 2010, with projections of significant share of global horticultural Stutte et al., 2009.) replacement lighting market by 2020 (McKinsey and Co, 2012) . These actions to regulate the primary lighting market segments (general residential and commercial lighting, automotive lighting, and backlighting) are necessitating the transition of commercial horticulture away from gas-discharge lamps to LEDs. This transition presents tremendous challenges and opportunities for the commercial grower.
The most immediate challenge is understanding that each LED fixture has a unique spectrum with unique manifestations of morphology, physiology, and biochemistry for a particular species and cultivar (Folta and Childers, 2008; Lesfsrud et al., 2008) . In other words, there is no ''correct'' spectrum for plant growth. On the other hand, this provides a tremendous opportunity for horticulturists to apply our understanding of photobiology to the production of higher quality products for the marketplace.
Adoption of LEDs show great promise in increasing the antioxidant and nutritional content of horticultural crops through photoinduction of bioactive phytochemicals during the growth cycle (Fig. 2) . The ability to increase the concentration of these bioactive compounds has been shown in a wide diversity of horticultural species including lettuce (Li and Kubota, 2009; Son and Oh, 2013; Stutte et al., 2009) , kale (Brassica oleracea) (Lesfsrud et al., 2008) , broccoli (B. oleracea italica) (Kopsell and Sams, 2013) , strawberry (Fragaria ·ananassa) (Choi et al., 2013) , and tomato (Solanum lycoperiscum) (Kalwalcyzk et al., 2012) . LEDs are also finding wide utility in the production of ornamental species during tissue culture (Gupta and Jatathu, 2013) , vegetative (Currey and Lopez, 2013) and seed (Randall and Lopez, 2014) propagation of a growing number of species. LEDs are being used to manage the morphology of seedlings (Wollaeger and Runkle, 2013) , transplants (Kozai, 2007) , and grafted seedlings (Chia and Kubota, 2010) .
The solid-state characteristics of LEDs, the lack of heat at the LED surface, and high light output is enabling the development of innovative lighting systems such as intracanopy lighting (Massa et al., 2005) , programmable lighting (Poulet et al., 2014) , multilevel indoor plant factories (Kozai, 2013) , and space-based plant growth systems (Stutte et al., 2015) . There is widespread adoption of LEDs in production of high-value medicinal crops across North America and Europe (Badertscher and Badertscher, 2014) .
CONCLUSION
The use of LEDs to support plant growth is a radical departure from traditional gas-discharge lamps developed in the mid-19th century and refined throughout the 20th century (Downs, 1994) . The initial investments by NASA in solid-state lighting research is enabling improved energy efficiency, reduced operating and management costs, and enhanced quality for traditional commercial crops (Fig. 2) ; is being widely adopted by emerging high-value medicinal plant production (Fig. 3) , and supporting the production of food in space (Fig. 4) . The adoption of this technology holds great promise for the future of commercial horticulture to manage photobiology and plant physiology for the production of highquality, high-value products. Veggie is a plant growth system installed on ISS which uses a light-emitting diode lighting system that is designed to produce salad-type crops to provide the crew with fresh food while on orbit. (Photo courtesy of NASA Public Affairs Office.)
